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SYMBOLS
A,, B, lateral and longitudinal cyclic control, swashplate angle,
commands

Aafes® Biafcs lat:::iean: 10ngi:ud1nal cyclic AFCS control, swashplate
4 m

A}, B} lateral and longitudinal cyclic control, swashplate angle,
in shaft axes

a rotor blade lift-curve slope

a' small angle used to define rotor drag force

a, coning angle

a,, b, longitudinal and lateral flapping angles in control axes

a . b18 longitudinal and lateral flapping angles in shaft axes

ay lateral specific force, positive in direction of Y,

B rotor Llade tip-loss constant

b number of blades per rotor

c transformation matrix from Euler angle rates to angular

velocity in body axes

Cc/s transformation matrix from shaft to control axes
ch/e transformation matrix from Earth to body axes

Ch/wt transformation matrix from wind tunnel to body axes
CQ torque coefficient

Cs/h transformation matrix from body to shaft axes

CT thrust coefficient

Cy rotor side force coefficient

c blade chord

Dyt fuselage drag in wind-tunnel axes

e flapping hinge ofiset
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A A

ke’ ke

gov

ped
pt
tc
trim

leat

fuselage and tail angle-of-attack corrections due to main
rotor downwash

main rotor downwash factor

gas generator governor gain

acceleration of gravity

rotor drag force

altitude

altitude command

integer indicating AFCS 2ngaged

integer indicating altitude-hold engaged
blade moment of inertia about flapping axis
inertia matrix of helicopter, in body axes
polar moment of inertia of the main rotor
integer indicating pilots feet off pedals
moment of inertia of power turbine

integer indicating turn coordination engaged
integer indicating cyclic trim button released

integer indicating lateral cyciic stick displacement from
zero force trim position

flow incidence at the horizontal tail

fixed incidence of the horizontal tail

rotor side force

main rotor shaft compliance

main rotor shaft damping

pitching moment coefficient due to main rotor thrust
power turbine governor gain

constant gains in control system

vi
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U, Vv, W
lu, v, ]as. h

body axes moments due to angular velocity
body axes moments due to fuselage aerodynamics

body axes moments due to rotor moments transmitted at the
hub

shaft axes moments due to rotor moments transmitted at the
hub

total body axes moments due to the rotor

body axes aerodynamic moments acting on the fuselage
fuselage 1ift in wind-tunnel axes

mass moment of rotor blade

helicopter mass

angular velocities in control axes

angular velocities in body axes

angular velocities in shaft axes

aerodynamic torque acting on main rotor, positive in
directfon opposite to rotation

aerodynamic torque acting on tail rotor, positive in
direction opposite to rotation

engine torque acting on the main rotor shaft and fusclage,
positive value tends to accelerate main rotor and cause
fuselage to yaw right

gas generator torque

rvcor shaft torque acting on the fuselage

dynamic pressure

rotor radius

l.aplace operator

thrust

time delay In primary servo transfer function

true airspeed of helicopter c.g. in body axes
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[u, v, w) true airspeed of rotor hub in control axes
N

lu, v, \..']‘g {nertial velocity of helicopter R. in Earth axes
CRe O

(u, v, W] inertial velocity of helicopter c.p. in body axes

lu, v, u]gust. h gust velocity in body axes

[u, v, w]q true afrspeed of the rotor hup in shaft axes

[u, v, w]wind. h wind velocity in body axes

VJS' h total true airspeed :

pilot control displacements of collective stick, lateral and
N X longitudinal cyclic stick, and pedals from neminal posi-

“lont Tped tions.  (Positive displacements cause climb, roll right,

pitch down, and vaw lett, respectively,)

IN. Y, 711. I body axis tforces duc to fuselape acrodviamics
IN. Y, ]l T bodv axis forces due to the rotoer
{x. v, :‘cr . inertial position in Earth axes
Yo
[Ny v, ps. b pilots eve location in bodv axes
INy Vv, ']r‘ I rotor hub location in body axes
[xe v, ]wt. h wind-tunnel mount ing point in bodv axes
Yt fuselage side torce in wind-tunnel axes
ey fusclage angle of attock and sideslip
Y fuselage local angle of attack
R rotor orfentation angle
) rotor lock number, iﬂiﬂ:
b
damping ratio {n primary serve transfer function .
ot tail rotor collective piteh command
L"l tail rotor collective piteh
mafes miin rotor collective piteh AFCS command
o main rotor collective piteh command

Vi
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main rotor collective pitch

effective value of tail rotor collective pitch
longitudinal shaft tilt angle

tail rotor collective pitch AFCS command
blade twist angle, {rom root to tip
blade pitch at 3/4 radius

inflow ratio

tip-speed ratio

induced inflow ratio

atmospheric density

rotor soltidity, gi

time constant in primary servo transter function
cagine time constant

time constants in control svstem

inflow time constant

trim value of

lateral shate tilt angle

Euler angles, relating body and Harth axes
trim value ot

wind-tunnel vaw anple

rotor angular velocity

power turbine angular velocity

commanded rotor angular velocity

natural frequency (n primary servo transfer function




Subscripts:

c control axes

e Earth axes

h body axes

m main rotor

s shaft axes

t tail rotor

wt wind-tunnel axes
Superscripts:

T matrix transpose

) time derivative of ()




A MATHEMATICAL MODEL OF THE CM-53 HEL!COPTER
William R. Sturgeon and James D. Phillips

Ames Rescearch Center
SUMMARY

A mathematical model suitable for real-time simulation of the CH-53 heli-
copter is presented.  This model, which is based on modified nonlinear clussi-
cal rotor theory and nonlinear fuselage aerodvnamics, will be used to support
terminal-area guidance and navigation studies on a fixed-base simulator.
Validation is achieved by comparing the model response with that of a similar
daircraft and by a qualitative comparison of the handling characteristics made
by experienced pilots,

INTRODUCTION

Terminal-area puidance and navigation helicopter rescarch is to be con-
ducted at Ames Rescarch Center,  Prior to actual tlipght tests, advanced con-
cepts and procedures will be evaluated using a piloted light simulator.  This
simulator facility consists of a "fixed-base” cockpit, configured to that ot
the CH-53 (fig. 1Y, and a Sigma 9 digital computer. Operation of this simu-
lator requires the use of a CH-53 matuematical model that can operate in real
time on the Sigma 9 host computer.,

Helicopter models range in complexity trom lincar models, which are valid
near one particular tlight condition, to nonlincar blade-clement models which
acceoant for complex rotor tlow conditions and are used over the entire t linht
regime. A model of intermediate complexity, which meets simulation require-
ments for terminal-area guidance and navipgation studies, is based on quasi-
static rotor representations. A CH-53 model of this latter type is presented,

The help of the tollowing persons in obtaining this mathematical model is
acknowledged:  Dean E. Cooper, Themas H. Lawrence, and Phil Gold of Sikorsky
Aircraft Division of United Technologies, Stratford, Connecticut: and J. D.
Shaughnessy of Langlev Research Center,  The model was programmed on the
Styma 9 computer by Boris Voh of Computer Science Corporation. Validation was
pertormed with the help ot Ceorge Tucker and Ron Gerdes of Ames Rescarch Center.

MATHEMATTCAL MODEL

The helicopter mathematical model is detined in terms of submodels of the
fuselage acrodvnamics, rotor svstems, engine and governor, and control svsupem,
Fhe relative relationship of these submodels is discussed in the section
entitled "Ceneral Model Description” which precedes dotailed desceriptions of



each submodel. The submodels are defined in terms of forces, moments, and
motion expressed in the following coordinate systems which are used in the
development of the mathematical model (fig. 2).

Coordinate Systems

1. Earth axes, subscript e: Origin fixed on the Earth's surface, X,
axis pointing north, Ye Pointing east (fig. 2(a)).

2. Helicopter body axes, subscript h: Origin at the center of gravity
(c.g.), X axis forward in the plane of symmetry and narallel to the water-
line, zy, axis down in the plane of symmetry (fig. 2(a)).

3. Shaft axes, subscript s: Origin at the rotor hub, x; axis rotated
through the longitudinal shaft tilt angle Uty about the Yn axis, vy, axis
rotated through the lateral shaft tilt angle ¢g about the Xe axis, zg
axis coincident with the rotor shaft (fig. 2(b)). This applies to both the
main and tail rotors.

4. Control axes, subscript c: Origin at the otor hub, z. axis directed
toward the fuselage along the axis of no-feathering (an axis perpendicular to
the swashplate), X¢ axis points into the relative wind so that the Ve ocom-
ponent of the relative wind is zero (fig. 2(¢)). This applies to both the
main and tail rotors.

5. Wind-tunnel axes, subscript wt: Origin at the wind-tunnel mounting

peint, x,. axis pointing into the relative wind, z,  down and perpendicular
to the relative wind.

General Model Description
The helicopter model is defined in terms of the following submodels:

l. Fuselage aerodynamics model: The fuselage aerodynamics model defines
nonlinear 1lift, drag, and side forces as well as pitching, rolling, and yawing
moments in terms of a wide range of fuselage angles of attack and sideslip,
rotor downwash, body angular velocity, and dynamic pressure.

2. Rotor model: nonlinear models for the main rotor and tail rotor
define thrust, drag, and side forces as well as hub force and moments repre-
sentative of articulated rotors over a wide range of airspeeds through hover
to rearvard and sideward flight. The rotor models account for variable inflow
velocity, variable rotor speed, blade twist, tip loss, hlade coning, blade
flapping, flapping-hinge offset, and tail-rotor &, hinge.

3. Fngine model: An engine and governor model adapted from a heavy lift
helicopter simulation provides a realistic time delay between acrodynamic rotor
torque and the resulting reaction torque applied to the fuselage. The model

includes the effects of gas turbine, power turbine, rotor inertia, and shatt
comp'iance.




4. Control system model: The helicopter control system model converts
Pllot's cyclic control, collective control, and pedal inputs into main and
tail rotor cyclic and collective pitch inputs. An automatic flight control
system (AFCS) 1is included which provides helicopter rate and atiitude stabili-
Z.tion 1a roll, pitch, and yaw.

Wind and gust inputs to the helicopter model are provided, as well as the
pilot control inputs. All forces and moments acting oi the helicopter are

outputs of the fuselage aerodynamics and the rotor systems submodels. Fuselage

forces and moments are calculated in wind-tunne! axes and transformed to body
axes. Rotor forces are calculated jn control axes and transformed to body

axes, and the rotor moments are calculated in shaft axes and transformed to
body axes.

The equations of motion use the total forces and moments, in body axes,
to calculate the translational and angular body axis accelerations. The trans-
lational acceleraticn is integrated to give body inertial velocity which is
transformed to Earth axes and integrated to obtain helicopter position. The
angular acceleration is integrated to give body angular velocity, which is
transformed to Euler angular velocity and integrated to obtain helicopter
attitude.

The relative relationship of the submodels is shown in Figure 3(a), and
the inputs and outputs of each submodel are shown in figures 3(b) through 3(g).
The model parameters are given in Table 1.

Fuselage Aerodynamics

The fuselage aerodynamic data are given in both equation and tabular
form. The forces and moments are given in wind-tunnel axes in terms of local
angle of attack, local angle of incidence at the tail, sideslip angle, body
angular velocity, and dynamic pressure.

Airspeed in body axes- The helicopter airspeed is expressed in terms of
its inertial velocity and the wind velocity as

u u u u
=lv - 1v - (1)
v as, h v cg, h v gust, h A wind, h

The free-stream angle of attack and sideslip angle are defined as
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respectively, where
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vas, h (Vu? + vé + w )as, h 4)

and the free-stream dynamic pressure is

2 as, h (3)

Main rotor downwash effect- The effect of the main rotor downwash on the
local angle of attack is accounted for by the rotor downwash factor (ref. 1):

C
Tm
mar = Q(an + umz) (6)

CTms My» and up, are rotor parameters defined in the following section. The
fuselage local angle of attack is

Y T M T Cme®kf 0 T S g ST 7)

and the local incidence at the tail is
P G L (8)
where exr and ep¢ are empirical constants. The wind-tunnel yaw angle is
Vur = T3¢ (9

Fuselage forces and moments in wind tunnel axes- The fuselage forces and
moments in wind-tunnel axes are provided through the wind-tunnel data given in
figures 4 through 13. These curves are entered with the fuselage local angle
of attack (eq. (7)), local incidence at the tail (eq. (8)), wind-tunnel yaw

angle (eq. (9)), and dynamic pressure (eq. (5)) as determined from the equa-
tions noted.

Since the wind-tunnel data do not cover the full range of angle of attack
and sideslip, it is assumed that force snd moment coefficients remain constant
beyond the limits of these angles for which data are given. This assumption
should not significantly degrade the mod_, performance, for large values of

the above angles generally occur ot iow alrspeeds where fuselage forces and
moments are relatively small,

The fuselage forces and moments are determined as follows:
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Transformation of fuselage aerodynamic forces to boay axes- The fuselage
aerodynamic forces are transformed from wind tunnel to body axes.

-D
= Ch/wt (10)
Ze, “Ldye
cos ac cos Bf —cos ag sin Bf -sin o
Ch/wt = sin Bf cos Bf 0
sin a. cos Bf -sin o sin Bf cos a.

Transformation of fuselage aerodynamic moments to body axes- The total
fuselage aerodynamic moments include the basic wind-tunnel moments, additional
momen:s due to the wind-tunnel mounting point being offset from the c.g.,
damping due to angular velocity, and rotor downwash on the tail. In body axes
these moments are




L S %

| L

L L 0
=M + |z
N f, h N wt =y
where
L 0
= 1-899 qy Vas’ h (12)
N d, h -520 rh

and T, 1is the main rotor thrust. Bott the damping equation and rotor down-
wash moment coefficient were obtained from an unpublished Sikorsky Aircraft
report.

The inputs and outputs cf the fuselage aerodynamic model are shown in
figure 3(b).

Rotor Models

The rotor forces and moments are calculated using nonlinear classical
rotor theory, specifically a modified Bailey representation used in refer-
ence 1 and discussed in references 2 through 5. Important aspects of this
rotor model are

1. Uniform inflow over the rctor disk is assumed

2. Compressibility and stall effects are neglected

3. Lagging motion of the rotor blades is neglected

4, Only first harmonic motion oi the rotor blades is considered
5. The blade coning and flapping angles are assumed auasi-static

This relatively simple rotor model is used to facili.ate its use in a
real-time simulation. This model is valid for forward flight to about
120 knots, hover, rearward and sideward flight to about 20 knots, auto rota-
tions, and large-angle maneuvers Although the model is adequate for guidance
and navigation studies at airspeeds greater than 120 knots, its handling
characteristics fidelity is degraded due to the increasing effects of compres-
sibility and the reverse flow region.

The following discussion applies to both the main and tail rotors, except
where noted. Specific application to either the main or tail rotor is indi-
cated by the subscripts m or t respectively.




Alrspeed of rotor hub in control axes- The total airspeed of the rotor
hub, in control axes, is required for calculation of the rotor forces and
moments. This airspeed is initially determined in shaft axes, using the heli-
copter airspeed and angular velocity, and then transformed to control axes

u u 0 z -y P
= Cs/h v +]l-z2 0 «x q (13)
Vs as, h y =x 0 r, ht™y
where
cos tg 0 -sin tg
Cs/h = I sin Os sin ¢s cos ¢s cos OS sin ¢s (14)
sin By cos by -sin ¢s cos Os cos ¢gq
and
u
Y
(A as, h

is defined by equation (1). The airspeed at the hub is transferred into con-
trol axes using the rotor orientation angle

v_ + A'w
3= tan {5
g ! u + B'w
18

s
which is obtained using the definition of control axes, that is

Ve =0

and using small angle approximations for the main rotor cyclic control inputs
tswashplate angles), A} and B} (see fig. 2(c)),

u u
v = C v (13
c/s
w w
c s

where

cos £ sin g B] cos ¢ + A} sin g
c = |-sin 8 cos B A} cos @ - B} sin g (e
c/s 1
-B} -A} 1
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Note that the tail rotor does not have cyclic controls, and therefore the
corresponding A} and B} are zero.

Rotor tip speed and induced flow ratios- The rotor forces and moments are
functions of the rotor tip speed and induced inflow ratios, which are defined
in terms of the hub airspeed in control axes, as

Ue
--S:?-ﬁ (17)
and
w
c
A = W v (18)

respectively. The induced inflow ratio v 1is obtained by filtering the
steady-state value of v. The resulting differential equation is

c
om I — - (19)
T Z/uz +\°

The time constant T, 1is included to account for the lag associated with
changes in rotor inflow. Note that the thrust coefficient Crs defined below,
and inflow ratio \ are functions of v so that equation (19) is a first-
order nonlinear differential equation.

Rotor thrust and coning angle in control axes- The rotor thrust, in con-
trol axes, and the coning angle a, are calculated to the third power of the
tip-speed ratio according to the following relations obtained from refer-
ences | and 4:

c
T = bcRp(RQ):(—}) (20)
and
- 1 03 3) (lh _1_22 (_1_5 _l_g:)
ao \[(68 +0.06 W)+ (5 8% + 3 820, + (75 B® + 17 BW)| @D
where

C
T _a [(L g2 1:) (13 Lo _ 4 3) (1.. 1::)]
3 2[(28 +au \+3B TZBU 9"u 0°+AB +[‘Bul\1 (22)

and ¢, 1is the effective blade pitch angle at the root (collective pitch
angle), and ¢, {is the blade twist. Note that a term involving the blade
mass moment in equation (22) of reference 4 has been neglected in equation (21)
above, for it contributes less than 0.5° and is essentially constant (ref. D).




Rotor flapping angles in control axes- The calculoetion of the rotor flap-
ping angles requires the fuselage angular velocity exnressed in control axes:

P
q = Cc/scs/h q (23)
L c 5 h

where the transformation matrices are defined by equations (14) and (16).

The flapping angles a, and b, (fig. 2(d)) are calculated in control axes
acceording to formulas obtained from reference 1.

P l6q
1 8 c ,
a, = (ZX +‘§Go,79“ + - - < (24)

(1 - 7/28%)] R R
and
q 16p
b, = b3, - S S (25)
(1 + (/28] - Bh

For a blade with linear twist and constant chord, it can be shown that replac-
ing the ¢, appearing in the references with the pitch at 3/4 radius «©

and dropping 0, will have a negligible effcct on the overall solution =
(ref. 1). The pitch at 3/4 vadius is
Q0 . = (io + 0.75 (\1 (20)

Rotor drag force in control axes- The downwind component of the rotor
force, in control axes, {is

H = Ta' (27
where the small angle a' 1is a function of the useful and induced rotor drag-
lift power and inflow (ref. 1), but behaves similarly to the longitudinal flap-
ping angle a;. An expression for a', which includes the effects of fuselage
angular veloctity (ref. 1), is

24q 0.29 v
a' = l‘ - (2\ +%Uo 7!)11 - < ( - C—/o‘—l-s') (28)
(1 - (u/2B)) ) B v T
Rotor side force in control axes- The rotor side force, in control axes
is
C
J o= bcRp(Rc)*(—¥> (29)




where

C
y al3l 3 1 R 1
TT - E-[Z b1\ -3 “o“\ + Z “1b1“ - aaut o+ E a,a,
1 )
B (% M, -3 by -3 “hbl)'\‘(‘."s] 30

This equation, derived from equation (3) in reference 3, neglects angular
velocity terms and uses the previous assumption involving the pitch at 3/4
radius, vy ..

Transformation of rotor forces to body axes- The rotor forces in control
axes, given by equations (20), (27), and (29), are transtormed to body axes,

X -H
. _ . T
Y Ls/hcc/s J 3D
. =T
r, h <

where the transformation matrices are defined by equations (14) and (10).

Rotor torque in shaft axes- The rotor aerodynamic torque equation (ref. 1),
which accounts for both acceleration and deceleration, is

C
Q, = bcufp(Rs)’(—S) (32
[ 8

where

(
)
R 2 0.00109 - 0.0036\ - 0.00270

R [UPSRA

-~

= 110V = 0.545\0, o+ 0.1220°

(U

+ (000109 - 0.0027¢, Lo - 3.13\7 = 6.35\0

s = 129300 Lo

= 0.133\0, Lou? + (-0.976\° - 6.38\0, . - 5.260; ,)u" (33)

The aerodynamic torque acting on the main rotor Qum, is calculated using main
rotor parameters in (32) and (33). The torque applied to the fuselage by the
main rotor ts a function of Qun and is determined by the engine and governor
model:

=Q 39

N
hub, s s
For the main rotor, Qg is equal to the engine torque Quue-  The tail rvotor

torque  Qups calculated using tatl rotor parameters in (32) and (33, is
assumed to act dirvectly on the fuselage so that Qg is equal to Qu¢.

10




Rotor hub moments in shaft axes- The hub moments due to flapping angle
offsets are calculated in shaft axes according to formulas obtained from
reference 1. These formulas result from neglecting higher order terms in
equations presented in reference 3:

L b
R 1
- % ebs?“Mw (35)
M hub, s "
where
bl A'l . b‘
a, = —B'l + CC/S a, (36)
- 0 0

are the flapping angles in shaft axes.

Transformation of rotor moments to body axes- The rotor noments in shaft
axes, given by equations (34) and (35), are transformed to body axes:

1. 1.
T )
= ( 37)
M ( s/h M (37
hub, h N hub, s

The total moments applied to the fusclage by the rotor include the hub moments
(37) and additional moments due to the location of the hub relative to the
helicopter c.op.:

1. . 0 - v I‘ X
M =M + 2 \] -X l‘\: (38)
N r, h N hub, h A 0 r, h 2 r, h

where the rotor forces are defined by equation (31).

Tail rotor 83 hinge effect- The above model represents a rotor without
a delta=three (5:) hinge, such as the main rotor of a CH-53. However, the
tail rotor has a & hinpe, so that blade coning and flapping affect blade
piteh; therefore, the model is modified accordingly.  Assuming the changes in
blade piteh due to flapping are small compared with those due to coning,

0 - - a R \ 19)
ot ct ot BT (

where oo s the value of collective piteh commanded by the control svstem.
Note that the coning angle Ay cquat fon (21, s a function of 2, as a
result, equations (21 and (), for the tait rotor, should be solved

simultancously,




:

The inputs and outputs of the rotor models are shown in figures 3(c¢)
and 3(d).

Engine and CGovernor Model

An engine and governer model is included to provide a realistic tiwe
delay between acrodyvnamic rotor torque and the resulting reaction torque
applied to the fuselage. This model was adapted from one used by Boeing Vertol
(ref. 1); although it is not a model of a CH-53 engine, it does provide the
desired effects,

This model, which includes the effects of a gas turbine, a power turbine,
rotor inertia, and shaft compliance, uses the reference rvotor speed o, and
the main rotor acrodynamic torque  Quy (e4. (32)) to calculate the angular
velocitios of the main and tail votors and the engine torque.  Note that the
engpine torque ang is cqual to the main rotor shaft torque Qg in cqua-
tion (34).

To= 0 - Q.+ K, -]/
m l‘cng k;lm «1( pt m 1/ mr
l.‘ = K _( - o)

‘on Y (\ ( p{ m

Coo= 1 K 0= ) =Q =K e =V . 40)

pt l‘}:&‘ll gn\'\ O pt k0.‘“\\1 d( pt m I pt A
Q = [Q -Q + | L 1/1

yen Janm sen oV oo pt eny

YT 4.3 “m J

e constants Ko and K3 represent the main votor shatt compliance and  damp-
ing, respectively; note that the latter is requived for computational stabil-
ftve  The Qg term in the Qpen difterential cquation allows the model to
hold reasonably constant rotor speed under widely varyving aerodvnamic torques
(ref. ).

The fnputs and outputs of the englne model are shown in figure 3(e).

Control System

The control system model, which fncludes the effects of pilot inputs,
control cross coupling, an automatic flight control svstem (AFCS), and
serve actuators, defines the main rotor collective piteh S, longitudinal
and lateral cvelic piteh By and Ay, and tatl votor collective piteh command
Pere This model was obtained trom an unpublished Sikorsky Alveratt report.




Pilot controls-

)
0 = K; + K-X' + 0
om col mafcs
By =Ky r l“°K€on + Blafcs
( (41)
= » 1] _’\vl
Ay Ks + st\‘at + K'Acol + Alafcs
- - + - ‘v + » Al + )
t‘ct (Ko ks\ped l\10)\c01) ttafcs
)
where
X' = X - 2.54 ¢cm
col col
gy q ~ 9 ~
or equivalently if kcol 2.5 ¢m
X' = X - 1.0 in. or N > 1,0 ir.
col col col
X' =0 if X < 2.54 ¢cm
col col
or X < 1.0 in.

col

and the term in parentheses is limited to the range of -0.03435 rod (-2.07) toe
+0.419 rad (+24.0°).

The pile* inputs, in equation (41), are the displacements of the pilot
controls relative to a nominal position. These positions are shown in the
control rigging diagrams, figures 13(a)-13(d), s the zero displacement
positions. The forc. characteristics of the pilot controls are given in
table 2.

AFCS inputs- The following features of the AFCS are not implemented,
directly, due to hardware limftations of the fixed-base simulator used in con-
juncticn with this model:

1. Trim adjustments for various c.g. locations

2. Indicator of AFCS authority used

3. Supplemental controller wiiich changes effective collective stick
position

4.0 "Open=loop” pedal spring

5. lateral cvelic "stick pusher”

e



Effects of these features that are considered critical to the anticipated fly-
ing tasks are included by modifying the AFCS model c¢-tained from Sikorsky
Alrcraft.

The absence of trim adjustments is compensated for by placing the c¢.g. at
fuselage station 332 so that the mathematical model trims straight aad level
at 90 knots, with minimal AFCS contribution to the longitudinal cyclic pitch;
that is By,¢.s 7 0. Problems caused by the lack of informatjon on AFCS
authority used are alleviated by (1) increasing the limits on the AFCS contri-
bution to the tail rotor pitch command ¢, ¢.s (table 5); (2) removing Opafeg
from the bracketed term in equation (41), which i{s limited; and (3) selection
of the c.g. fuselage station discussed above. The effects of the collective
stick supplemental controller are not considered critical and, therefore, are
not included. The "open-loop'" pedal spring is represented by the integpral
term K., s in the COp,r.y equation (4.). The basic effects of the lateral
cyclic "stick pusher" are to provide the pilot with a stick force proportional
to the deviation of roll attitude from its trim value, and to return the
vehicle to its trim roll attitude when the pilot releases the stick., Since a
"control loader” is not available in the fixed-base simulator, implementation
ot these eftfects required several changes to the AFCS model; the chanpes are
described in detail below.

In the original AFCS the roll trim reference is removed from the laterval
channel, A afes in equation (42), when the pilot places his feet on the
pedals (activating a pressure sensitive switch) prior to a lateral mancuver.
If the pilot releases lateral stick pressure during the maneuver and keeps his
feet on the pedals, the "stick pusher” moves the stick so as to regain the
roll trim reference attitude. This characteristic is obtained by removing the
roll trim reference from A roo in equation (42) only when the lateral stick
is displaced 1.27 ¢m (0.5 in.) or more from {ts zero force trim position.
Thus, the roll reference i removed when the pilot, by displacing the stick
laterally, indicates a desire to maneuver; the reference is regained when the
pilot releases his control force, allowing the stick to return to its zero
force position. The control forces provided by the "stick pusher" during the
maneuver are obtained by adding a bias proportional to the roll deviation from
trim to the lateral stick displacement (see X&dt' eq. (42)). This cauvses the
steady-state roll attitude deviation from trim to be proportional to lateral
stick displacement from the zero force trim position and, therefore, propor-
tional to the control force required by the pilot. The bias gain, K.y, in
equat.ion (42) corresponds to 0.14 N (0.08 1b) of pilot force per degree change
in roll attitude.

The control inputs from the modified AFCS model which coutains altitude
hold, heading hold, and turn coordination modes, are
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) = -
tmafcs 1ahK”(hC h)
EE—— ee—

altitude hold

_ |fade in/out s Kj;:s Kju
Lafcs [ 1] K\l‘» + )0 + - X(on

circuit no. (r,s + 1)2

fade in/out Kis fade in/out \,
Ajafcs [;ircuit no. é][r3s F1Ph " (g;rcuit no. 3 l\Mltrimwtrim ¢)h

heading hold

+1_ Kiz(he = )

h
altitude hold

—

Koo fade in/out , Kias
) = + S 4+ ——————
“tafcs (} ] )\(gircuit no. 4, kla[tcph i, + 1 "h
turn coor-
dination
+ 1 o L = + Caaag |+ (oa(h, -
pedk‘O('tr;m “)h Itck‘lq) Eahk"(hL )
heading hold turn coor-l  sieitude hold

dination

. fade in/out .
) + - : 5 -
tat \Qat [} (circult no. ;i]k‘“ltrlm(“trim ¢)h

P
n

(42)

The fade in/out circuits are intended to minimize the introduction of
large transients to the flight control system due to changes in the AFCS oper-
ating mode. The gain of these circuits varies between zero and unity, accord-
ing to the transfer functions listed in table 3. It should be noted that
these transfer functions are only used to determine gain values, and do not
represent actual filters.

AFCS modes- The operational modes of the AFCS are controlled by the fol-
lowing variables, which appear in equation (42).

1 h- 1 Altitude hold mode engaged
ah 0 Altitude hold mode disengaged
= | AFCS engaged

afcs - 0 AFCS disengaged

Loed ™ 1 Pilot's feet off pedals

Ped 2 0 Pilot's feet on pedals
1 = | Cyelic trim button released
trim

=0 Cyvelic trim button depressed




Itc = 1 Above 60 knots and pilot's feet on pedals
=0 At or below 60 knots or pilot's feet off pedals
Ixlzat = ] Laterul stick within 0.5 in. of zero force trim position
=0

Lateral stick beyond 0.5 in. of zero force trim position

The values of the roll and heading trim angles, Ptrim and Veriy respectively,
are determined as follows: dtrim 1s set equal to the current ¢h when the

cyclic trim button is released; Vtrim 1S set equal to the current vh When
the pilots feet move off the pedals.

The AFCS and the altitude-hold mode are activated by switches on the
instrument panel. The heading-hold and turn-coordination modes are controlled
by airspeed and location of the pilot's feet (either on or off the pedals).
The heading-hold mode is engaged whenever the pilot's feet are off the pedals,
regardless of airspeed. The turn-coordination mode is engaged only when the

pilot's feet are on the pedals and the airspeed is greater than 60 knots. The
operation of these modes is summarized in table 4.

AFCS authority limits- The authority of the AFCS is limited so that it
can be overridden by the pilot. This is accomplished by limiting the control
inputs from the AFCS, equation (42), to the values shown in table 5. In the

expressions for A and ¢ ¢.s the limits are imposed prior to the addi-
tion of the altitude-~hold terms.

Servo actuators- The primary servo actuators transform the main rotor
control commands, given in equation (41), into swashplate angles and blade

collective pitch. The following model of these servos was obtained from
Sikorsky Aircraft.

RN

(\
om L e—tos om ’
B = — ) B, (43) |
R (s* + 2;mns + Jn‘)(ts + 1) X %
1-1(s) T1d(s) |

A model of the tail rotor servo was not obtained from Sikorsky; therefore, it
was assumed that

(\' = )

ct “ct (44)

Approximations for real-time simulation- During use of this helicopter
model in real-time guidance and navigation studies it may be desirable to
neglect some of the relatively high-frequency dynamics — specifically, the

relatively small time constants, 1, and t,, in equation (42), and the servo
dynamics, equation (43).

The fnputs and outputs of the control system model are shown in fig-
ure 3(f),
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Equations of Motion

The helicopter equations of motion are given in body axes with respect to
a flat, nonrotating Earth. The helicopter is considered a rigid body with
mass symmetry about the xp - 2y, plane. The effects due to the engine angular
momentum are neglected.

Translational acceleration- The translational equations of motion are

0 X X u 0 -r g u
c 0 |+]Y +1Y = m|| v + |l 0 -pllv (45)
h/e
m 7 Z w - 0 W
& f, h r, h cg, h a P h%-"<cg, h]}
where
p . -
cos 8 cos cos O sin -sin ¢
Ch/e = Isin ¢ sin ¢ cos cOs & COs \ sin & cos ¢
- cos & sin + sin & sin v sin (46)
cos ¢ sin O cos | cos & sin ¢ sin cos ¢ cos ©
L + sin ¢ sin - sin ¢ cos J;,

and  dps hs and yp are the Euler angles that define the orientation of the
body axis system (fig. 3). The fuselage aerodynamic forces are given by
equation (10), and the rotor forces, which include those due to both main and
tail votors. are given by ecquation (31). Equation (45) car be rearranged to
yield

u X X 0 -r q u 0
. 1
= - Y - - y + C 2
\Y - Y + |y r 0 pl v Lh/e 0 (47)
v cg, h 2 f, h Z r, h -4 P 0 e cg, h &

Inertial velocity and position- The inertial velocity, in body coordi-
nates, is obtained by integrating equation (47), with respect to time, subject
to appropriate initial conditions. The inertial velocity in Earth axes is

u u

T
v Lh/e v (48)
v cy, e LF ¢y h

The position of the helicopter, in Farth coordinates, is determined by inte-
prating equation (48) with the appropriate initial conditions.




®e

9
= vJ (49)
e Wicg, e

Angular acceleration- The routational equations of motion are

Ne <.

Cg

L L p 0 -r ¢ P
+ |M = Ih q|l + |r 0O -p Ih q (50)
Ne n Wi g iy, ko op 04y Ly
where
IXX 0 IXZ
=l o 1, O
IXZ 0 IZZ

The fuselage aerodynamic moments are given by equation (l1l), and the rotor
moments, which include those due to both the main and tail rotors, are given
by equation (38). Equation (50) can be rearranged to yield

P L L 0 -r gq P

. _ -1 - -

q Ih + r O P Ih q (51)
)y Nig W ke op O r)y

Angular velocity and orientation- The angualar velocity, in body axes, is
cbtained by integrating equation (51), with respect to time, subject to the
appropriate initial conditions.

The helicopter Euler angles are determined by integrating

¢ 3|
6]=cq (52)
v r
where
1 0 -sin 9

C = cos ¢ sin ¢ cos ¥ (53)

0
0 -sin cos ¢ cos 9 h

The inputs and outputs of the equations of motion are rchown in fig-
ure 3(g).
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MODEL VALIDATION

The mathematical model is validated by comparing its response to that of
an actual helicopter and by a qualitative comparison of the handling charac-
teristics made by experienced pilots.

Time History Comparisons

The most readily available flight data were from an HH-53C, an Air Force
version of a CH-53C, which has two exiarnal fuel tzuks. Since the HH-53C
response time histories given in reference 6 were obtained with these canks
full, the helicopter inertias in the model were modified accordingly in order
to provide a more realistic comparison of responses. The following modified
parameters were calculated using data supplied by Sikorsky Aircraft.

Ixx,h = 56,367 kg-m2 1
41,553 slug-ft’

Iyy,h = 268,7C9 kg-m’
198,090 slug-ft®

’ .
Izz,h = 248,745 kg-m’ (54)
= 183,373 siug-ft’
Ixz,h = 28,400 kg-m’

20,936 slug-ft’

J
The aerodynamics effects of the external tanks were not known and, there-
fore, not incorporated into the model. Reference 6 contained HH-53C time
histories for pulse type inputs to the longitudinal cyclic, lateral cyclic,
and pedals, at the following flight condition with the AFCS both on and off.
Air speed = 113 knots1
Altitude = 7000 ft

Main rotor speed = 185 rpm

Gross weight = 41,000 1b (55)
FSCG = 328
Atmospheric temperature - -18° C )

The response time history of the CH-53 model at the above flight condi-
tion was obtained using a "dynamic check" routine. This routine provided the
model with flight control inputs that approximated those of the HH-53C. Also,
this routine was used to control the operational modes of the AFCS, as will be
discussed later. The time histories of the CH-53 model and the HH-53C are
compared with the AFCS on; this is done because the model will normally be i
operated in this mode for terminal-area studies.

A comparison of the responses to a forward longitudinal cyclic pulse,
shown in figure l4(a), indicates good agreement for the Euler angles and for
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the body-axis angular velocities. This is also the case for the responses to
a right lateral cyclic pulse, shown in figure l4(b). Here it is assumed that
the HH-53C response was obtained with the cyclic trim button depressed, since
the roll attitude does not return to zero after the pulse. This condition was
simulated in the model by using the dynamic check routine to set Ippjpm = 0

in equations (42). The responses to a right pedal pulse did not compare as
well as those for the previous inputs. The model produced much larger atti-
tude excursions than indicated for the HH-53C response. A reasonable compari-
son, shown in figure l4(c), was obtained by raising the damping gain Ky

from 0.573 to 1.50.

Possible sources of the discrepancy are the unmodeled aerodynamics of the
HH-53C external fuel tanks, and features of the AFCS which were modified or
not included due to limitations of the fixed-base simulator. An attempt was
made to compensate for differences between the actual and modeled AFCS by con-
trolling the modes of the latter with the dynamic check routine. TFor the
response to a pedal pulse, this routine simulated the AFCS transformation from
the heading-hold mode to the turn-coordination mode by setting iped = 0 and
Ieyim = O in equations (42). Later review indicated that this is a poor
method for simulating the mode transformation. The above method completely
removes the roll trim reference when the pedal pulse is initiated. Actually,
this reference should fade out with a I-sec time constant and, therefore, a
more realistic simulation would keep Tgpjm = 1 and set Tyyae = 0 and
Iheqg = 0 at the beginning of the pulse. It may also be desireble to eliminate
effects of the "stick pusher™ by sctting Kou = 0 in cquation (42).  becaune
the method used in simulating the AFCS mode transformation served to nrema-
turelv remove an attitude error signal, it probably increased *he 1ttitude
excursions of the medel and, therefore, may have contributed to the response
discrepancy.

Pilot Commants

A gualitative evaluation of the mathematical model was made by two pil:ts
using a fixed-base simulator with visual scene. These evaluations were tc 2w
made considering the intended use of the model, that is, terminal-area guidan:e
and navigation studies.

The control forces and general feel of the flight controls were satisiac-
tory, although the absence of breakout and gradient forces, with the cvelic
trim button depressed, results in stick-iump and a tendency to overcontrol.
The absence of cyclic beeper trim and collective and pedal parallel serves L&
not degrade the model for its intended use. The basic AFCS functions were
orimarily evaluated in forward flight at approach speeds (90-120 KIAS). The
retention of trimmed airspeed and pitch and roll attitude was excellent, e
AYCS modes, altitude-hold, heading-hold, and turn-coordination operated =3:tiz-
factorily.  Also, the AFCS modifications, made to include effects of a4 lators!
"orick pusher,' provided responses that were much more charactevistic o the
aircraft. Although, not required, low-speed flight and hover were ais=e o=
uated.  The attitude- and heading=hold features operated very well durine
decelerating approaches to o a 50-tt hover.  The collective increases and ae.e-
High attitudes required during deceleration were similar to those of the ¢h-n)
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atvevatt,  Above 10 knots, turns were castly coordinated with the pedals, At
lower specds, (o torward and stdoward thight and {0 hover, procise headtng and
hover control requived much o loser pllot attention to the turn coovdinator.
This was matnly due to fusatt fedent motion cues from the visual scene,

TEowas concluded that the tiving qualities of this mode!l wore qualita-
tively vepresentative ot the actual afveratt, within the Himltatfon ot g
tixed=-base simulator,

CONCLUSTONS

Fhe mathemat teal model ot a CH oS3 helicopter described {n this report was
developed tor veal time piloted simalation in suppert ot terminal-arvea guidance
s navigatfon studies. This model 4 based on modit{ed nonlinear clansical
vetor theory and aonlfnear tuselage acrodviamics, Limitat {ons ot the tixed-
base simulation tactlity prevented divect fmplementat fon ot several
Cothe automat tc tHaht control svatem (AFCSY. The cltects ol
constdered critteal to the antfctpated tlving tasks
the AVUS cgquat fons.,

teatures
these teatures
were tnetuded by mod it ving
he model was validated by cemparing tes response with
Avtual tlhieht data and by a qualitat tve compat tron ot the hand oy chavact ev-
tnties made byoexperfenced pllots, these compatisons fadicated that

the maodel
P matfstactory tor temminal avea vutdance and navigat ton studies.
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TABLE 2.- FORCE CHARACTERISTICS OF PILOT CONTROLS

Force
Pilot control Breakout, N (1b) | Gradient, N/cm (1b/in.)
Longitudinal cyclic 8.9 (2.0) 2.3 (1.3)
Lateral cyclic 6.7 (1.5) 1.4 (0.8)
Collective 20 (4.5) 0 (0)
Pedals 36 (8.0) 5.3 (3.0)

I AR L)

TABLE 3.- GAINS OF FADE IN/OUT

Circuit number
1 2 3 4
Iafcs Iafcs Ixzat Iafcs
Tgs + 1 |Tes + 11,8 + 1 TgS +1

TABLE 4.- SUMMARY OF HEADING-HOLD AND TURN-COORDINATION MODE LOGIC

Feedback information

Operating condition Mode
Airspeed Pilots feet | Roll pos.|Heading | Roll rate | Lat. acc.
Above 60 knots | On pedals Off Off On On Turn-coord.
0ff pedals On On Off Off Head.-hold
Below 60 knots | On pedals Off off Off Off -—
0ff pedals On On off Off Head.-hold

TABLE 5.- AUTHORITY LIMITS OF AFCS

in the simulation.

25

AFCS input| Limits, rad (deg)
® afcs +0.0227 rad, (#1.3)
B afcs +0.0454, (22.6)
Alafes +0.0209, (*1.2)
8 pcq | 0-0332, (£1.9)%
9This 1imit increased to #7°




]
| NASNA
(S L RTY
]
4
L
b

. - -, \':’,;-l 4. LR L the [V
‘ $
'
. \9 ‘. S ..“‘ ' .
L} ' .
| .-\ . #
'v‘;‘._ \r ALY N
) A 1& J .Il i‘ a"“ 't
et -

l"'“'-" BT R

Figure .- Sikorsky CH-53,




z b 4
hon o), 7 S¢s 0, 2h

a) BODY AXES b) SHAFT AXES

CONTROL AXIS

~N

c) CONTROL AXES d) FLAPPING ANGLES

Figure 2.- Helicopter body axes, shaft axes, control axes, and flapping
angle definitions.




PILOT
INPUTS

MAIN
> ROTOR
> MODEL
CONTROL
SYSTEM < AL
ROTOR
1"  wmoos
> ‘
L FUSELAGE
|| AERODYNAMICS
ENGINE
o 1
GOVERNOR WIND, GUST
MODEL INPUTS

EQUATIONS
OF
MOTION

-

(a) Helicopter simulation,

TO SIMULATOR

Figure 3.- Block diagram ot helicopter mode! and input-output diagrams of
individual component mode ls,




[u ]
v
-3 - cg,h
[y ]
v
wj -
- wind, h
u -
v
gust, h
p
q
r | ———p
h
cTm
——————
Am
——
Hm
———d
Tm
—ﬂ

wt

(L
\Y)
| N
FUSELAGE wt
AERODYNAMICS
—

Ch/wt

(b) Fuselage aerodynamics model.

Figure 3.- Continued.

f.h

2

fh



as,h

MAIN ROTOR
MODEL

hub,...s

m’

s/h

(¢ Main rotoer

(=subscript

m) model.

Figure Y- vontinued,

W

m’

hubm,h




res

———p] [-H ]
8S,h J
L'T 4 4c
T |
——eel —> CC/h
h TAIL ROTOR L]
MODEL M
[ N _
hubrs
R > CI/h
———
0 et
—_—p

(d) Tail Rotor (subscript t) model.

Figure 3.- Continued.

31

e s ca—— - v i st Sl TR o .




QO Qeng
’ ENGINE —>
. AND 2,
GOVERNOR —>
Q. MODEL 2,
——— p———

(e) Engine and governor model.

Figure 3.- Continued.




L 2 o

PILOT
INPUTS

CONTROL
SYSTEM

(f) Control system.

rigure 3.- Continued.

33




EQUATIONS
OF MOTION

h/e

(g) Equations of motion.

Figure 3.- Concluded.

34

c1

cg,e

cg.e




200

160

3D/

120

80

40 3.72
-30 -20 -10 0

(\', deg

Pigure 4.- Fuselape incremental dray as

gJ tunction ot

A le




T e .

300~ 2787

200 1858

w0} 9.29F
IE'
2 of 0 -
-
“1

00 -929f

200} -18.58

300 L -27.87¢ . ! J

- 20 -10 0 10 20 30

30

Figure 5.- Fuselape

incremental

g, deg
1ift as a function ot

6

anple of att ack.

a1



50 - 4.65r +
o
\2 o 0 -
0]
O]
-50 L -4.65 | ©
o
| d 1 1 J
-30 -20 -10 0 10 20 30
tho deg

Figure 6.- Fuselage incremental lift as a function of sideslip (wind
tunnel yaw angle),

37



Py
3
9
-
»
a8
-

(-2
§ o} 0
>
-80) -743}
-160 L -14.86 1 L )
-30 -20 -10 0 10 20 30

Figure 7.- Fusclage sideforce as a function of side
tunnel vaw angle),

18

ship (wind




#3 m3
300 - 850

[ [
200 - 5.6 |

100+ 283}

g
3
-t
<
0 = 0 *ﬁl
-100 -283}
-200L 566 ' L 1 1 )
-30 -20 -10 0 10 20 30

g, ng

Figure 8.- Fuselage incrementa; rollfng moment as a function of

attack.

19

angle of




Alawr/a
g
&

-150 |- -4.25

-200 L -5.66

4 | i i J

-30 -20 -10 0 10 20 30
vwt. deg

Figure 9.- Fuselage incremental rolling moment as a function of side

slip
(wind tunnel vaw angle).




lt' deg
a-10
f13 m3 O O
1000 - 28.82 - a 10
500} 14.16
o
2 of 0
s
L
500 -14.16}
-1000L -28.82
-24

Figure 10.- Fuselage incremental pitching moment as a function of angle of
attack and incide ce at the tail.

4l




3
300

200

|

¥

100

T

-100

T

-200

-300

Figure 11.-

8.50

5.66

283

-2.83 -

-5.66

T

-8.50

T

-11.33 1 1 i i J
-30 -20 -10 0 10 20 30

Fuselage incremental pitching moment as a function of sideslip
(wind tunnel yaw angle).




)
L
i

1200 F

800 |

400

Nt/
o

-400

T

{

-1200

Figure 12.- Fuselage yawing moment as a function of sideslip (wind tunnel yaw

]

33.98 -

22.65

{

1133

-11.33

T

T

-22.65

0

10

angle) and angle «f attack.

45

20

30




rad deg

2618 15
100in
£
)
D
5
=
o
g 1745 10}
-
(& ]
w
-
-
o]
QO
c
o
-
o
(v o8
2
< - -
s 0873 5
A
035L 21. Oin
] L 1
0 1 5 10 in
1 1 1 |
0 254 12.7 254 cm

DOWN = - UP
COLLECTIVE STICK DISPLACEMENT, X

col

(a) Collective

Figure 13.- Control rigging diagrams.

44



w PP Ty Ry T e e

LONGITUDINAL CYCLIC PITCH, By

rad

3491

.2618

1745

.0823

-.0873

-.1745%

T

1

deg
20 - T
15 7.054
104
5 |
v —
5+
-5.172 in.
_10 1 1 1 1 1 |
-6 -4 -2 0 2 4 6 8in
L 4 1 |
-10.16 0 10.16 20.3cm
AFT = — FORWARD

LONGITUDINAL CYCLIC STICK DISPLACEMENT, X,

(b) Longitudinal cvclic

Figure 13.- Cont inued.




—

.-

LATERAL CYCLICPITCH, A,

rad

.0698

.0349

-.0349

-.0698

-.1047

-.1396

1

T

T

T

—

deg
4 -
4.435 in.
2
0 +
COLLECTIVE STICK /
DISPLACEMENT, XcoL
2k
4+
_6 and
81
-4.435
1 1 1 i J
-5 -4 -2 0 2 4 5in
L i 1 1 }
-10.16  -5.08 0 5.08 10.16 cm

LEFT = > RIGHT
LATERAL CYCLIC STICK DISPLACEMENT, X/,

(¢) late, tl ovelie

Figure 13.- Continued.




TAIL RQOTOR PITCH CGMMAND, 6.,

rad
4189 ~

3491

N
~
©
w
¥

?

¥

.1396

.0698 -

-.0698

¥

deg
24 - -
20
COLLECTIVT STICK
16 - DISPLACEMENT, Xcol ’
in. /
10
- 9
12 " / 2.455 in.
7 /
6
8+
5
4
4 3
2
7.0
0 §|/, ; 22; ; ; ; 7 {
_4|-2.455in. f | | |
-3 -2 -1 0 1 2 3in
L 1 i i ]
-5.08 -2.54 0 2.54 5.08 cm
RIGHT = = | EFT

PEDAL DISPLACEMENT, xped

(d) Pedal

Figure 13.- Concluded.

47




———— FLIGHT TEST

40 === MATH MODEL
20
(1] [ 0 40 —————
-20L 201
-40
o» _—\\\_____.— o' —\\‘/’——-~
-20L PITCH ATTITUDE, deg
_aol PITCH RATE, deg/sec
40
20
0[ ot 4r —
20l 20
-40
OF e e — —— . O ——— =~
ROLL ATTITUDE, deg
-20 - ROLL RATE, deg/sec
-40 L
40
20
0 [ Orador
_20 20 r
-40
OfF —c;m——em——— Of - ~——=—=—— -_
. YAW ATTITUDE, deg
-20 % -40 YAW RATE, deg/sec
40 40
D e T
0
0 40 40
-40 -40
-=\ -
(/NS -4’ | U, 0 } _JI \L _____
-40 _LONGlTUDINAL STICK, in. a0l LONGITUDINAL STICK, in

[ i i i +

0 2 3 A
ELAPSEC TIME, sec

| W & i A J
0 1 2 3 4
ELAPSED TIME, sec

(a) Longitudinal cyclic pulse.

Figure 14.- Flight test-math model comparisons.
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